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1 OVERVIEW

This research grant revolved around a multi-pronged project aimed at understanding the
role of mechanosensory information processing for insect flight control. In contrast to
extensive prior work on the role of visual information processing for flight control (e.g.,
optic flow, horizon tracking, object avoidance) and gyroscopic sensing in dipteran
systems (e.g., haltere dynamics) far less is known about the mechanosensory information
received via wings, legs, abdomen, antennae, and even head motions. These structures
may provide parallel channels of information about the inertial dynamics of the entire
animal as it is subjected to perturbations in its trajectory, but relatively little is known about
how that information is used by the animal. Importantly, all of these structures are either
actively moved or indirectly subjected to oscillations driven by wing inertial dynamics.
Thus, all have the capability of providing sensory information for both simple inertial
reactions and more complex Coriolis forces. In the case of wings, they may serve both a
sensory and an actuator function; through the process of flapping flight, wing motions
necessarily also provide gyroscopic information (Daniel et al., 2012). Similarly, the
abdomen is critically involved in flight control via shifts in the mass distribution relative to
the center of lift (Dyhr et al., 2012).

We focused on two mechanosensory systems: (1) distributed wing strain sensors
(campaniform sensilla) and (2) abdominal proprioceptive input. The former sensors were
a subject of some preliminary research using behavioral studies, intracellular recording
methods, and both light and electron microscopy. The latter subject is, as far as we know,
unexplored and there is no clear literature on this topic. Both systems are best described
as sensing actuators (i.e. “sensuators”) that both direct changes in the body trajectory
and report changes in the body trajectory.
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2 RESEARCH PRODUCTIVITY

Over the course of this research project (2014-2017), we published 11 peer-reviewed
manuscripts related to this grant. In addition, we contributed 23 papers that were
presented at international meetings. A detailed list of these papers and conference
proceedings can be found in Sections 9 and 10 of this paper. The majority of the
contributed talks were presented at the annual meetings of the Society for Integrative and
Comparative Biology (SICB).

Because the research launched more projects than could be completed during the course
of the grant, we still have a few more manuscripts and presentations that will continue
past the end date of the grant. Details of these are described below.

3 PERSONNEL

The grant provided partial support for three postdoctoral trainees (sequentially).
Interestingly, each ended up receiving independent support, making room for others to
become involved in the research. As such, we also supported four graduate and post-
baccalaureate students and two undergraduate students.

Many individuals who worked on the project received funds from other sources (e.g., NSF
Graduate Research Fellowships, UW Institute of Neuroengineering, and the AFOSR
Center of Excellence). Five graduate students (Bradley Dickerson, Annika Eberle,
Thomas Mohren, Mark Jankauski, and Jorge Bustamante) worked on aspects of the
research, but all had support from independent fellowships.

4 BROADER IMPACTS

Several high school students (Neil Chauhan, Jane Woods, Emma LaMarka, Luca
Scheuer, and Marissa Dominquez) were involved in the research project, all of whom
were co-authors of our contributed talks for the various SICB meetings. All were admitted
to undergraduate programs of their choice.

Several participants in the research (Elischa Sanders, Darren Howell, Brad Dickerson,
Jorge Bustamante, and Kit Githinji) come from underrepresented groups. Dr. Dickerson
defended his thesis in 2015 and has been awarded an NSF postdoctoral fellowship to
work with Michael Dickinson at Caltech. Darren Howell graduated with a BS in
Neurobiology and is joining a laboratory in the UW School of Medicine. Elischa Sanders
graduated with a BS in Neurobiology and is joining the MD/PhD program at UC San
Diego. Kit Githinji will be graduating with a degree in Electrical Engineering and is heading
to the NASA Space Center in Houston as an intern.
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5 EXTENSIONS OF THE RESEARCH

The creation of the Air Force Center of Excellence on Nature Inspired Flight Technologies
and Ideas? owes its origins, in part, to many of the activities associated with this research.
The early publications derived from this research program provided critical background
for ideas that now are a central part of the COE. Among these are the notions of
distributed wing strain sensing for controls, sensed actuators, sparse sensing, and neural
filters.

The work done in this grant also formed a key part of our new UW Institute of
Neuroengineering. This is supported by a gift from the Washington Research Foundation.
Its goal is to build a highly collaborative environment that brings together faculty, students,
and staff from the entire University of Washington campus to solve some of the greatest
scientific challenges related to neural system function. We aim to provide new assistive
device technologies that improve quality of life, to develop neuro-inspired systems that
spur the next generation of robotics and autonomous systems, and to foster a deeper
understanding of neural system function.

6 WING SENSING AND ACTUATION

Over the past year, we embarked on a series of computational and experimental studies
of wing strain sensing, partially funded by this program and by a grant from the AFOSR.
The overarching result is that we have accumulated increasing evidence that wings serve
the dual function of actuation and gyroscopic sensing. Clearly, wings provide lift and thrust
forces. However, because their flapping motions lead to Coriolis forces when combined
with body rotations, mechanosensory cells on the wings allow these structures to serve
as gyroscopic organs.

1. In Dickerson et al. (2014) we used a combination of electrophysiological and
behavioral experiments to show that mechanosensory input to wings subjected to
a mechanical stimulus that mimics pitching motions drives a reflexive response
identical to that seen for both visual and whole body pitch responses.

2. In Eberle et al., (2013) we developed a computational analysis that explores fluid
structure interaction in flapping wings. We showed that structural, not
aerodynamic, features dominate the emergent bending dynamics of wings.

3. In Brunton et al. (2014) we used a combination of computational methods
associated with sparse sensing, along with neural encoding, to demonstrate
optimal sensor placement on wings for detecting Coriolis forces. That work also
shows that we can use neural encoding approaches to provide an efficient method
for dimension reduction of temporally varying signals.

4. In Eberle et al. (2015) we showed that Coriolis forces on wings lead to wing
twisting, and that the shear strains associated with twisting can provide a
mechanism for detecting body rotations.

1 http://nifti.washington.edu
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5. In Pratt et al. (2017) we used multi-site extracellular electrode methods to more
fully characterize the encoding properties of wing strain sensors. This project
sought to unravel the specific features of wing deformation that are encoded by
strain sensors (Sanders et al.,, 2014) and relied on the fact that wing
mechanosensory cells are also temperature-sensitive. We used a laser to scan the
surface of the wing while simultaneously recording from the sensory neurons in
the wing nerve. Using spike sorting algorithms, we identified single units and their
locations. With the multi-site electrode still in place, we then mechanically
stimulated the wing while simultaneously recording from the wing nerve. Again
using spike sorting, we identified units that are strain-sensitive. Importantly, this
project allowed us to extract the stimulus features and the nonlinear decision
functions that drive spiking in wing strain sensors. Since this paper is not yet online,
it is included in this document as APPENDIX A. We also used micro-CT scanning
to explore regions of the wing that contain patches of campaniform sensilla. Movies
of these are available online as part of the supplemental material for that paper.

6. In Jankauski et al. (2017) we explored the novel concept that turning maneuvers
in flapping flight animals (and vehicles) can arise from purely inertial dynamics of
asymmetric wing strokes. Nearly all of the literature associated with turning control
in flapping flight focuses solely on the aerodynamic forces that arise from
asymmetric wing strokes. However, conservation of angular momentum suggests
that such asymmetric flapping motions must necessarily require some net torque.
Given that wing mass can be significant, we explored the possibility that wing
inertia contributes to a significant part of the net torques resulting from asymmetric
strokes. We developed a flapping wing model integrating aero and inertial
dynamics. We showed that wing angular momentum varies with stroke deviation
phase, implying a non-zero impulse during a time-dependent phase shift.
Simulations show wing inertial and aerodynamic impulses are of similar magnitude
during short transients, whereas aerodynamic impulses dominate during longer
transients. Additionally, inertial effects become less significant for smaller flying
insects. Thus, we conclude (a) modest changes in stroke deviation can
significantly affect steering and (b) both aerodynamic and inertial torques are
critical to maneuverability, the latter of which has not been considered. Since this
paper is not yet online, it is included in this document as APPENDIX B.

In addition to these completed projects we have two more manuscripts nearing
completion that owe their origins to research initiated on this grant. Since these are not
available online, they are described below in a bit more detail than in the previously
published papers.

1. With Thomas Mohren and Bing Brunton, we are completing a manuscript that
extends our merger of sparse and compressive sensing methods with neural filters
to explore optimal sensor placement for gyroscopic sensory functions associated
with distributed strain sensors on wings. A key result is that a neural filter based
on the stimulus features identified in Pratt et al. (2017), when combined with sparse
sensor placement algorithms, greatly reduces the number of sensors needed to
classify the effect of body rotation based on wing strain. Interestingly, without the
neural filter, that classification is exceedingly difficult, even with 40 sensors
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distributed over the wing. With that filter, as few as three sensors can accomplish
this. We hope to submit this work to the Proceedings of the National Academy of
Sciences within the next few months.

2. With Annika Eberle, Thomas Mohren, and Jessica Fox, we are finishing a
manuscript that focuses on haltere strains. This was an offshoot of the work that
showed how twisting motions arise in wings as a consequence of Coriolis forces
acting on flapping and rotating wings. Interestingly, that twisting motion follows
from how spatially distributed mass, when subject to Coriolis forces, experiences
a torque that drives spanwise torsion. Prior computational work on halteres,
however, treated them as point masses oscillating about some axis and subject to
rotation about an orthogonal axis. Because of the point mass assumption, only
lateral deflections can arise in response to Coriolis forces. However, if the end
(knob) of the haltere is a distributed mass, the Coriolis force leads to a torsional
deformation in addition to the lateral deflection predicted in prior literature. This
mode of haltere deformation has not been reported in the literature and may
profoundly affect our interpretation of strain sensing in halteres. We have built both
computational (FEM) and analytic (Euler-Lagrange) models of haltere dynamics
and demonstrated significant torsion. We are now using the stimulus features from
Fox, Fairhall, and Daniel (2012) to predict the difference in campaniform spike
responses that result from both torsion and lateral deflection. We hope to complete
this manuscript within the next few months.

7 ABDOMINAL SENSING AND ACTUATION

Because of the critical importance of the wings, less attention has been paid to the role
of body shape, or the “airframe,” of the animal for flight control. Changes in the shape of
the body of an animal can alter the relative positions of the center of pressure on the body
or its center of mass relative to the center of lift and thrust produced by wings. Thus, the
body itself could be a key contributor to the system of actuators involved in flight control,
exercising “airframe-based” control. Indeed, the control potential of body shape has been
established for the passive, aerial descent paths of terrestrial lizards but not for flying
animals. Over the course of this grant we sought to (1) characterize the mechanosensory
structures in the abdomen of Manduca sexta and (2) establish extracellular recording
techniques to characterize the encoding properties of abdominal proprioceptors.

In these past years we have accomplished a number of our goals regarding the role of
sensorimotor dynamics of the airframe (abdomen) motion.

1. In Hinson et al. (2013) we showed that abdominal motions can be used for
simultaneous actuation and state estimation (largely by a Coriolis sensing).

2. In Dyhr et al. (2013) we showed that abdominal flexion permits active control of
the flight trajectory and allows movement right on the edge of stability.

3. In Cowan et al. (2014) we summarized the general topic of feedback control as a
framework for understanding tradeoffs between stability and control. A portion of
that study focused on airframe deformation as a control paradigm.
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As with the wing strain sensing portion of this grant, we have additional ongoing projects
on sensory information associated with abdominal position. To our knowledge no prior
study has documented strain sensing in the abdomen in insect flight control, though we
know it must be occurring. Adapting the experimental system that we established for wing
strain sensing, we are now using multi-site extracellular electrode methods to more fully
characterize the encoding properties of putative abdominal strain detectors. We are
pleased to report that we have finally been able to record from the abdominal ventral
nerve chord and use spike sorting algorithms along with multi-site electrodes to identify
neurons that report abdominal motions. We presented that initial work in the 2015
meetings of the Society of Integrative and Comparative Biology (SICB) in Florida. A new
paper on this topic was presented at the 2017 SICB meeting by Akriti Chadda.

Akriti Chadda, a visiting student from Hong Kong University of Science and Technology
(HKUST), is co-advised by Professor Tom Daniel along with Professor I-Ming Hsing and
Professor Wei Shyy of HKUST. She has been resident in the lab and has continued the
efforts begun by earlier students focusing on the strain sensing and stimulus feature
identification by mechanosensitive units extending from the abdomen into the ventral
abdominal nerve chord of Manduca. She has identified a class of receptors that behave
similarly to those found in wings, halteres, and even antennae: they all have similar
stimulus features and similar nonlinear decision functions.

Jorge Bustamante, a new graduate student in the lab, has extended the work begun by
Dyhr et al. (2012) to solve the full nonlinear system of differential equations that define
flight control with a combination of both abdominal flexion (airframe deformation) and wing
forces. He has developed a model-predictive controller (MPC) that uses a Monte-Carlo-
based process to explore how complex flight paths can be controlled by airframe
deformation. That work was initially presented at the 2017 SICB meetings, and a new
version will be presented at the 2018 SICB meetings in San Francisco.
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8 STUDENTS AND POSTDOCTORAL TRAINEES SUPPORTED BY THE GRANT

This list represents any form of salary support, even part time. Asterisks indicate an
underrepresented minority or protected class.

Postdoctoral Trainees
Jonathan Dyhr is now Assistant Professor of Biology at Northwest University.

Eatai Roth is starting as Assistant Professor of Intelligent Systems Engineering at Indiana
University.

Tanvi Deora is a recent recipient of the Human Frontiers of Science Program postdoctoral
fellowship and continues to work in a research projected related to the grant.

Graduate and Post-baccalaureate Students

Elischa Sanders* (Postbac) is now an MD/PhD Student in the UC San Diego
Neuroscience program.

Darrin Howell* (Postbac) is now a Research Scientist in the bio-motion lab at the
University of Washington working with Dr. Sam Burden and Kat Steele.

Brandon Pratt* (Postbac) is now a graduate student in the Quantitative Biology Program
at Georgia Inst. Technology in the laboratory of Simon Sponberg.

Octavio Campos* (Graduate student) has just completed his Ph.D. in Biology this summer
and is seeking employment in the general area of recruiting and supporting under-
represented minority students in the sciences.

Undergraduate Students
Marissa Dominguez* (Biology Major at UW)
Nathan Berry (Biology Major at UW)
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46 the task at hand [4-8].

47 Animal flight control, in particular, strongly depends on multisensory inte-
48 gration due in part to the inherent instability associated with this mode of
49 locomotion [9]. Unlike movement on land where multiple pairs of legs can provide
50 stable support [10] or in water where instabilities have a vastly lower impact on
51 movement control [11], flapping flight presents a stabilization challenge [9].
52 Whereas flight primarily relies on visual information, without which animals
53 rarely fly, visual processing speeds are too slow to support rapid flight behaviours
54 [12,13]. However, mechanesensory systems provide a rapid and parallel sensory
55 processing pathway that compensates for slower visual systems [6,14—17].

56 In dipteran insects, halteres are thought to function as gyroscopic sensors that
57 have the exquisite capacity to detect the Coriolis forces associated with body
58 rotations [18—-20]. By contrast, for the hawkmoth (Manduca sexta), a non-dipteran
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Figure 1. The wing surface contains multiple fields of campaniform sensilla. {a) Dorsal surface of the wing base with one sensilla-rich region highlighted (in dashed
orange cirde) and zoomed in (b,c). (b) Here, the campaniform sensilla occur in five distinct fields (orange amows). (¢} The same fields are visible from undemeath,
and can be viewed by virtually slicing the three-dimensional volume (orange arrows). (d) Ventral surface of the wing base with another sensilla field highlighted (in
dashed orange circle) and zoomed in (¢f). {e) The highlighted sensilla field zoomed in and viewed on the ventral wing surface and (£ ) the ventral sensilla field is
also visible by virtually slicing the three-dimensional volume to reveal it on a dorso-lateral view. (Online version in colour.)

mechanosensory function [21]. In both cases, removal of
halteres or antennae compromises flight performance [21,22].
Moreover, electrophysiological data from primary afferents
associated with haltere mechanosensors (campaniform sensilla)
show rapid and precise encoding of the forces acting on them
[14-16]. There is similar evidence for the mechanosensory
afferents of the moth antennae [23].

Halteres are evolutionarily derived from insect wings. For
selection to act on wings in ways that could give rise to halteres,
one would expect wings themselves to provide some level of
information about Coriolis forces. Like halteres, wings contain
numerous campaniform sensilla, some distributed over the
surface of the wing and others arranged in patches near the
base (figure 1, electronic supplementary material, movie S1)
[24,25]. Biomechanical analyses showed that torsional defor-
mations occur as a result of Coriolis forces acting on flapping
wings during body rotations [26]. Moreover, recent behaviour-
al evidence showed that in addition to visual information,
hawkmoths use wing mechanosensory information to elicit
postural changes associated with flight control [27].

RSPB20170969—21/8/17—19:05-Copy Edited by: Not Mentioned

With mounting evidence that wings themselves serve a
sensory function similar to halteres, we asked if wings have
the neural architecture in place to facilitate a gyroscopic func-
tion [28-30]. Here, we seek to characterize the encoding
properties of wing campaniform sensilla to explore their simi-
larity to haltere sensilla. Based on what is known about halteres
[16], we hypothesize that (i) wing campaniform sensilla, like
haltere neurons, encode mechanosensory information rapidly
and precisely and (ii) there is a diversity in the encoding prop-
erties of the wing campaniform sensilla. Thus, in addition to
the pure mechanosensory role ascribed to halteres, wings
may serve the dual roles as both sensors and actuators.

2. Material and methods

(a) Animal preparation

All recordings were performed at 25°C (room temperature) on
1-3 days post-eclosion adult hawkmoths, M. Sexta, (N = 33,
16 males and 17 females) obtained from a colony maintained
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Figure 2. Experimental set-up for mechanically stimulating the wing campaniform sensilla in tandem with focal IR heating to identify their receptive fields on the
wing surface and extract their encoding properties. (g} An anaesthetized moth was held in a custom-built immobilization chamber {not shown here] abducting the
wing with the ventral surface facing up. A motor lever arm provided mechanical stimulus to the moth wing tip via a plastic grasp while we simultaneously recording
the wing movements using two high-speed video cameras at 1000 fps allowing us to reconstruct wing displacement at specific locations on the wing. We used a
multi-site extracellular electrode to record the resulting neural activity from the right forewing nerve (red frace). The extracellular neural data was spike sorted to
reveal the activity of individual neuronal units {two sorted units shown in blue and red). Before applying the mechanical stimulus, we used focal IR laser heating at
spedfic locations on the wing surface {dotted cirdes) while recording from the forewing nerve to reveal each neuronal unit’s veceptive field location on the wing. (&)
A representative wing base-localized unit showing a reduction in firing rate {upper trace in black) during focal heating {lower trace in red). {Online version in colour.) Q1

at the University of Washington, Moths were collected in indi-
vidual containers with a moist tissue to prevent desiccation.
The moths were then anaesthetized at 4°C for approximately
24 h. They were prepared for recordings by removing the
legs, the left-wing pair and the right hindwing. We descaled
the cuticle around the base of the right forewing and painted
white dots on the ventral wing surface using white acrylic
paint. The dots were painted along the leading edge, the
wing base and between the wing veins to be used as markers
for reconstructing the time-varying changes in wing displace-
ment arising from mechanical stimuli. Moths were
anaesthetized at 4°C for another approximately 24h before
recording from the wing nerve. They were then placed in a
custom designed three-dimensional printed immobilization
holder such that the right forewing was abducted at approxi-
mately 90° from its normal resting position, with the ventral
surface facing up for neural recordings {figure 2a). We exposed
the right forewing nerve by removing the right tegula, basalare,
and the trachea and other soft tissue overlying it. Two to three
drops of physiological saline solution (150 mM NaCl, 3 mM
CaCly, 3 mM KCl, 10 mM N-Tris [hydromethyl methyl]-2-ami-
noethanesulfonic acid buffer and 25 mM sucrose, pH 6.5-7.5)
[31] were applied to the nerve as needed to prevent desiccation.

(b) Experimental procedure
(i) Electrophysiclegical recordings with simultaneous high-speed
videography

We penetrated the right forewing nerve with a lé-channel
extracellular electrode {model: Al x 16-3 mm-25-177-A16,
NeuroNexus, Ann Arbor, ML USA). Neural signals were
filtered and amplified (300-1000 Hz bandpass, 1000-fold
amplification) using an extracellular amplifier (model 3600,
A-M systems, Sequim, WA, USA}) and recorded at 40 kHz
using a data acquisition board (Model NI USB-6259, National
[nstruments, Austin, TX, USA). A tungsten wire, inserted
through the cuticle on the lateral thorax, served as the

RSPB20170969—21/8/17—19:08-Copy Edited by: Not Mentioned

reference electrode. In a typical preparation, we were able
to maintain stable recordings of spiking activity in up to
three simultaneous channels for more than 2 h.

We recorded the neuronal activity as we delivered mechan-
ical stimuli to the wing tip through a motor lever arm (Model
3058, serial number 305034, Aurora Scientific Inc., Aurora,
ON, Canada) via a plastic clasp. Custom MarLas code (The
Mathworks Inc., Natick, MA, USA} controlled the motor
lever system to deliver three bouts of 25 Hz sinusoidal stimuli
for 4 s, each of progressively larger wing tip amplitudes (peak
to peak of 4.4, 88 and 132 mm, measured to the nearest
0.1 mm via an ocular micrometer). This was followed by 30
10-s bouts of band-limited (2-300 Hz) Gaussian white noise
(hereafter white noise) of a maximum amplitude of 9.5 mm.
There was a rest period of 1 s between the sinusoidal and the
white noise segments, and a 2 s rest period between every 10
repeats of white noise stimuli. We sorted spikes to identify
neuronal units using all channels that showed neural activity
with NeuroExplOrer® (V. 5, Nex Technologies, Madison, AL,
USA) and Offline Sorter (V. 4, Plexon Inc., Dallas, TX, USA),
using threshold and time alignment based on the spike peak,
and sorted using PCA. The three axes of the PCA were based
on two dominant principle components and the spike width.
Spike time data were imported into MatLag for further ana-
lyses. During the first 10-s presentation of the white noise
mechanical stimulus, we recorded the three-dimensional pos-
ition of wing markings using two high-speed video cameras
{(Miro-4M VR0O308 and VR711, Vision research, Wayne, NJ,
USA at 320 x 240 resolution, 1000 fps and 200-400 ms
exposure) to compute wing region-specific mechanosensory
stimuli (local displacements).

The high-speed videos of two male and two female wings
were digitized and used to reconstruct the vertical displace-
ment at their wing base (for an example of high-speed video
and three-dimensional reconstruction (see electronic sup-
plementary material, movie S2). The reconstruction was done
using Tyson Hedrick’s custom software in Matias [32]. We
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used digitized data from these four moths to compute a trans-
fer function {in gain and phase) relating displacements of the
wing tip to wing base. We used this transfer function for
units that were localized to the base {see below).

(i) Laser-based focal heating to identify wing regions

corresponding te campaniferm receptive fields

Because all of the campaniform sensilla are mechanically
coupled through the entire wing blade, using simple direct
punctate mechanical stimuli make localizing the receptive
fields quite challenging during electrophysiclogical record-
ings. To address this issue, we developed a new method to
alter the activity of campaniform sensilla without the compli-
cation of stress localization. We relied on a combination of
thermal sensitivity of campaniform sensilla [33-35] and a
focused IR laser to localize regions of the wing. While simwul-
taneously recording from the wing nerve using methods
above, we focally heated specificlocations on the wing surface
with an IR laser {785 nm, 8 mW, model CDL-3144-0085 laser
diode, beam diameter of 0.5 mm, Sanyo, Japan). A custom-
built Arduino circuit controlled the laser {figure 2b). Each
location was heated five times at a duty factor of 25% for 5s
(100 pulses of 50 ms each). The duty factor was selected to pro-
vide a robust thermal response without damaging the wing.
The input pulse to the laser was recoded along with the corre-
sponding neural data on the data acquisition board at 40 kKHz.
Changes in the unit’s firing rate during focal heating were used
to localize the receptive field of that unit on the wing (see elec-
tronic supplementary material, figure 51 for details of how we
classified thermally sensitive units).

() Computational analyses of the neuronal data
(i) Feature detection (spike-triggered averages and nonlinear

dedision functions)

We analysed only those identified units which had high stimu-
lus-respense coherence (high mutual information [36], for
details of this process see electronic supplementary material).
Using methods similar to previous studies [16,37], we com-
puted the spike-triggered ensemble (STE) for each unit by
selecting the stimulus history in the 40-ms time window
immediately preceding each spike. Taking the mean of the
STE yielded the spike-triggered average (STA). We also calcu-
lated the prior stimulus ensemble (PSE) by randomly selecting
time stamps throughout the white noise stimulus period, and
similarly selecting the 40-ms stimulus history preceding each
of those timestamps. The total number of timestamps for the
generating the PSE was the same as the recorded number of
spikes for each unit.

To characterize the nonlinear decision function {NLD), we
computed a histogram of the projections of the STA onto the
stimulus for each spike (each elerment of the STE) with a bin
width of 04 of the standard deviation of the PSE. We normal-
ized this histograrm by dividing each bin by the product of the
norm of the STA and each element of the STE. Similarly, we
constructed and normalized a histogram of the projections of
the STA onto each element of the PSE. We then constructed
the NLD histogram by dividing the normalized histogram
built from the STE by the normalized histogram built from
the PSE. This histogram was converted into predicted spike
rate by multiplying it by the mean firing rate of the unit
during the white naise stimulus period. We then performed
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a cubic spline interpolation between the predicted spike
rates of each bin to fit a curve onto this histogram.

Normalizing in this manner ensured that the NLD had a
value between —1 and 1. The NLD represents the selectivity
of a unit in response to any particular stimulus.

(ii) One-dimensional spike rate predictien model

Using the STA and NLD of a unit, we predicted its spike rate in
response to the three different amplitudes (44, 88 and
132 mm) of sinusoidal stimuli. We convolved the STA with
the 40 ms cycle of the sinuscidal stimuli and normalized the
projection value in a similar manner to the NLD construction.
For each projection value, we used the NLD to calculate the cor-
responding predicted spike rate. We compared the predicted
spike rate with the recorded spike rate by reconstructing a
recorded spike rate histograms. This recorded spike rate histo-
gram was built by binning over a 125 ms time window and
averaging the spike rate across the 100 repeats of a single
40ms sinusoidal cycle. To compensate for binning artefact,
we further convolved the histogram with a 40 ms Gaussian
window {o=>53ms). We calculated the root-mean-square
error between the predicted spike rate and the fitted recorded
spike rate as a measure of how well the one-dimensional
spike rate prediction model predicts a unit’s spike rate during
the sinusoidal stimuli.

3. Results

We acquired multi-channel extracellular recordings of the
wing afferents from a total of 33 hawkmoths, M. sexta, while
delivering mechanical stimuli to the wing tip. We identified
95 wing mechanosensory units using offline spike sorting tech-
niques {figure 2a; Methods and materials). To study the encoding
properties of these campaniform sensilla, it was essential to
approximate the local mechanical stimulus experienced by
each sensillum during perturbations to the wing tip. Hence
we drew upon the thermosensitive properties of mechano-
sensors and developed a novel laser-based focal heating
method to lecalize the receptive field of each afferent. We cap-
tured high-speed videos (1000fps) of the wing during
mechanical stimulation to reconstruct the local displacements
at different regions on the wing.

(a) Focal heating reveals local displacements for

identified receptive fields
Focal heating combined with multi-channel extracellular
recording and high-speed videography allowed us to recon-
struct the local displacements for identified receptive fields.
In our experiments, most units showed a reduction in firing
rate when heated (figure 2b) although a small subset of units
showed an increase. This focal heating technique allowed us
to localize 31 units to the wing base (for details see electronic
supplementary material, figure 51 and methods). The remain-
ing 64 units could not be localized to any region on the wing.
Most of these units were not tonically active and hence we
could not observe changes in firing rate during local heating.
We cannot rule out the possibility that the non-ocalized
units also project from the wing base. We used the recon-
structed wing displacement associated with the 31 units
localized to the wing base (referred to as the base-localized
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Figure 3. Forewing mechanosensory units fire refiably to repeated while noise mechanical stimuli. Raster plot showing the spike timing for a representative
mechanosensory unit projecting from the wing base (fower plot; each dot represents a single spiking event) in response to repeated 10-slong, band-limited
{2-300 Hz) white noise mechanical stimuli delivered to the wing tip. Vertical displacement at the wing base estimated from high-speed stereo videography

{upper trace).

units), and the wing tip deflection for the other 64 units
(referred to as the non-localized units) for further analyses.

From our calculations for the signal response (SR} coher-
ence between the spike train of each unit and the motion
stimulus (see electronic supplementary material for details on
SR coherence analysis, figure 52), 14 out of the 31 base-localized
mechanosensory units and 34 of the 64 non-localized mechan-
osensory units had a significant SR coherence at one or more
frequencies (SR coherence of the unit’s spike train and mechan-
ical stimulus greater than 95% CI of a distribution of SR
coherence of randomly permuted spike train and mechanical
stimulus). These 14 base-localized and 34 non-localized units
were used for further analyses using either the base or wing
tip deflection as estimates of the mechanical stimulus driving
their activity.

(b) Wing mechanosensory units show rapid and

selective encoding for a diversity of features
To identify how wing campaniform sensilla encode mechanical
stimuli, we analysed the response to 10 repeats of 10-s-long,
band-limited (2-300 Hz) white noise mechanical stimulus.
The consistency of the units” spike timing during the 30 white
noise repeats (figure 3) suggests strong stimulus feature selectiv-
ity. We wsed the STA to compute the feature of wing
displacement driving neural activation. Different units have
varying STA shapes indicating diversity in the encoding

RSPB20170969—21/8/17—19:08-Copy Edited by: Not Mentioned

properties of wing campaniform sensilla (figure 4a(i)(ii) b()(ii);
base-localized units, figure 4c(i)(ii),d(i)(ii); non-localized units).
The amplitude of the base-localized unit’s STA reveals that
these units respond to stimuli at least as small as (.15 mm
(figure da(i),b(i)). To determine how rapidly these units encode
mechanical information, we measured the mean time at which
the STA reached its maximum absolute value displacement
from rest. The latency of firing (shown as means + s.d.)
for the base-localized units was 1.9 + 2.1 mss (1 = 14) and
28+ 18ms (n=34) for the non-localized units. Another
measure for latency is the time at which the standard deviation
of the STA is at its minimum. This latter metric indicates the time
prior to a stimulus when the motion amplitude and its time his-
tory most reliably lead to a response. Both are fairly similar
measures of the timing relative to a spike. Using this measure,
the latency for the base-localized units was 10.6 + 10.5 ms
{n=14) and 5.1 + 1.6 ms for the non-localized units (n = 34).
Thus, the mechanosensory units showed low latency spike
timing to specific features of the wing displacement.

We examined all of the STAs using singular value
decomposition (SVD), which, like a PCA, extracts the domi-
nant characteristics of the stimulus waveforms that initiate
spikes (see electronic supplementary material for details
and methods on the SVD analysis, figures 53 and 54). Two
dominant modes weighted for their singular values show
similar shapes with similar latencies and contain most of
the energy of stimulus features that drive responses. The
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Figure 4. Wing mechanosensory units respond rapidly and selectively to diverse stimulus features as shown by their STAs and nonlinear decision functions (NLDs).
STAs (ali),bli),cti),d(i) STA in black + s.d. in light grey) for two representative wing mechanosensory units projecting from the wing base (a,b)) and two repre-
sentative units not localized to a region on the wing {c,d) are plotted for the 40 ms prior to spike occurrences. These units show that stimulus motions within 10 ms
yield spikes. The NLDs (a{i), biii),c(ii), d(ii) grey histogram of the predicted spike rate over a range of stimulus projections and the fitted curve in black) for each of the
representative mechanosensory units is plotted as the predicted firing as a function of the similarity of the stimulus to the STA. That similarity (s) is computed by the
projection STA onto the stimulus and was normalized to their respective amplitudes. The sharp rise in the NLD as the s tends to 1 shows that the unit is highly

selective for stimulus features that resemble the STA.

second mode resembles the derivative of the first dominant
mode. In general, all STAs show similar latencies to that of
the dominant modes.

We constructed the one-dimensional NLDs of these units as
a measure of their selectivity for particular stimulus features
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(figure 4a(ii),b(ii), c(ii)d(ii)). The shape of the NLD is a measure
of the unit’s selectivity. We characterized the selectivity of
identified units by calculating the value of the normalized
stimulus projection at half of the maximum predicted spike
rate: more selective units have a higher value for the projected
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to a novel sinusoidal stimuli. (2) The STA and NLD for a representative wing base unit were used to predict its spike rate in response to a 25 Hz sinusoidal wing
displacement of varying amplitudes (b) 4.4 mm; (c) 8.8 mm and (d) 13.2 mm, black lines above each panel. The predicted spike rate (the black dashed line} dosely
resembles the recorded spike rate (black line). The recorded spike rate histogram in represented by grey bars. The predicted spike rates match measured spike rates
more reliably at lower amplitudes. We used 100 repeats of sinusoidal mechanical stimuli at each amplitude to reconstruct the average recorded spike rate.

half maximum. The normalized projection value at half maxi-
mum was (.18 + (.45 for the base-localized units (mean + s.d.,
n = 14)and 0.44 + 0.12 for the non-localized units (mean + s.d.,
n = 34). Comparing these to the stimulus projection value at the
largest predicted firing rate (0.59 + 0.36 for the 14 base-localized
units and 0.59 + 0.09 for the 34 non-localized units) shows
strong selectivity.

() The one-dimensional spike rate model constructed
from white noise stimuli predicts a unit’s spike rate

to novel sinusoidal stimuli
We predicted the response of a unit to 25 Hz sinusoidal stimuli
using the STA and NLD constructed from the white noise
mechanical stimuli (figure 5 and for raw neural activity
during the sinusoidal displacement, see electronic supple-
mentary material, figure S5). The predicted spike rate (black
dashed line) captures the shape of the smoothed recorded
spike rate (solid black line) for a representative unit over one
sinusoidal cycle (average spike rate histogram binned over
1.25 ms across 100 repeats; in grey). This spike rate prediction
model faithfully predicts the unit’s recorded spike rate
during sinusoidal displacements as shown by a relatively
small root mean square error between the predicted and
recorded spike rates (see electronic supplementary material,
figure S6 and table S1). The smaller amplitude sine wave corre-
sponds to the energy present at that frequency in the white
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noise stimulus used to extract the STA. That lower amplitude
sine stimulus shows closer agreement between measurement
and prediction than is the case for higher amplitude stimuli.
All three amplitudes show a peak of spike activity shortly fol-
lowing the minimum displacement. At higher amplitudes
(figure 5¢,d) spike activity appears at a time shortly after the
maximum displacement of the sine stimulus.

4. Discussion and conclusion

Four key findings emerged from this study. First, the primary
afferents projecting from campaniform sensilla, both those
localized at the wing base and those that could not be localized,
showed rapid responses to mechanical stimuli, often within
approximately 2 or 3ms. Second, there is variation in the
shape of the stimulus features (STA) that drive responses.
Third, the shapes of the NLD indicate strong selectivity for par-
ticular stimulus features. Fourth, using the STAs and NLDs of
the wing mechanosensory units, we were able to predict the
empirical spike rates during sinusoidal displacements of vary-
ing amplitudes to the wing. These results provide strong neural
evidence for the similarity in the encoding properties between
wing and haltere mechanosensory neurons. Indeed, nearly all
of these results recapitulate those found by Fox et al. [16] for hal-
tere neurons, which also encode mechanosensory information
rapidly and precisely. In that study, 36 recorded haltere neur-
ons responded in 3.0 + 2.8 ms to specific stimulus features

i3 5y g Bibariierordiorats [l

DISTRIBUTION A

17




442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504

[15,16], and therefore, had rapid and precise spike timing,. This
corresponds with our results from wing mechanosensory neur-
ons. Haltere neurons also demonstrated variability in their
encoding properties in regards to the shape of their STAs [16]
in ways that strongly resemble the variation we note for wing
campaniform sensilla. Haltere neurons were further found fo
be highly selective for particular stimulus features as indicated
by their NLDs [16]. Collectively these similarities suggest that
the neural equipment encoding mechanosensory information
is common to both wings and halteres. Therefore, like halteres,
wings may serve a similar sensory function [18]. Most impor-
tantly, these data support the ideas raised by Eberle ¢f al. [26]
and Dickerson ef al. [27] that wings may serve a role as sensors
of bedy dynamics.

While we have strong evidence for this dual actuator and
sensor role for wings, our estimates of the strain experienced
by any ene campaniform sensillum require technology with
vastly higher spatial and temporal precision than afforded by
our current methods involving multi-camera high-speed
videography and three-dimensicnal reconstruction. For the
34 units that we could not spatially localize on the wing, we
used the vertical displacement of the wing tip as a proxy for
the strains that these sensilla experienced during mechanical
perturbations to the wing. Prior studies of haltere neurons
were also limited in their inability to reconstruct the precise
stimuli experienced by a single sensillum [16]. Insect wings
are composed of a complex matrix of rigid veins that provide
stiffness to the wing and thin cuticular sheets that are flexible
and folded into various complex shapes. Any motion delivered
to the wing tip is filtered by the wing’s shape and spatial stiff-
ness distribution such that local regions on the wing surface
might experience different strains; altered both in phase and
amplitude {see electronic supplementary material, movie 52)
[26,38,39]. Knowing the strain at the level of a single campani-
form sensillum will reveal a more proximate estimate of the
feature detection for these sensors, and a potentially better
understanding of the variation found among their encoding
properties [40]. An impertant caveat is that precise calculation
of strain requires equally precise information about details of
the cuticular structures surrounding and including each sensil-
lum. Thus we believe larger scale estimates of mechanical
stimuli are sufficient. Moreover, our ability to use measured
STAs and NLDs to reconstruct observed neural responses
lends credence to this approach.

Drawing on the thermosensitive properties of cam-
paniform sensilla permitted a novel method for localizing
receptive fields in an extracellular recording preparation.
However, a second limitation in this work is that only tonically
firing units could be localized. Thus, we examine a subset of
the possible units that may contribute to wing sensing. Never-
theless, the subset of units shows sufficient similarity to the
range and quality of responses found in haltere neurons to
justify this approach.

Because we used extracellular recording techniques, we can
never be 100% certain that spikes that are sorted and clustered
correspend to a particular neuron {campaniform sensillum).
For intracellular recording, we would be far more confident,
as was the case for Fox et al. [16], that the recorded spikes
were form a single neuron. As it is, we used two leading prin-
cipal components (including timing coincidence on multiple
channels, and spike width) and the peak-to-valley amplitude.
While this is a stricter classification process than one using
equivalent spike amplitudes, there is a remote possibility that
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more than one sensillum responded at the same time with the “

same spike shape. Additionally, we used a fairly stringent test
to select only those units whose signal to response coherences
was, via bootstrap methods, statistically significant. This
metric, together with our spike sorting algorithms, makes us
fairly confident that we are dealing with single campaniforms.

As mentioned above, the STA and NLD derived from a
white noise stimulus was used to predict spike responses to
the more physiclogically relevant mechanical stimulus of a
25 Hz sine stimulus {figure 5). That prediction, however, was
less effective at stimulus amplitudes that were higher than
those associated with the white neise stimulus. Our ability to
deliver larger amplitude white noise stimuli was limited by
the total energy we could impart to the wing without incurring
significant damage, likely a consequence of the energy at the
higher frequencies. That said, the relationship between pre-
dicted and measured spike rate was fairly robust for the
spiking associated with the peak downward {(minimum) wing
deflection stimulus. At the peak upward stimulus the unit
activity, initially relatively modest at low amplitudes, begins
to appear at larger amplitudes. This may be a consequence of
a feature of insect mechanoreceptors that demonstrate
responses to both stimulus onset and offset {e.g. [40]).

Despite these limitations, prior work [26,27] and our cur-
rent results provide streng evidence that wings could serve a
function in sensing inertial dynamics of the body. Indeed,
because halteres are derived from wings, evolution suggests
that the function of gyroscopic sensing in halteres was
likely present in such ancestral structures. Eberle et al. [26]
previously demonstrated that the torsion arising when a flap-
ping and flexing wing experiences rotational forces could
lead to changes in the pattern of strain over the surface of
the wing. They further suggested that torsion would influ-
ence the spatial and temporal pattern of neural activity of
wing campaniform sensilla. Additionally, behavioural results
from Dickerson ef al. [27] showed that mechanical stimulation
to wings drove stabilization reflexes. Together, the results
from Eberle ef al. [26] and Dickerson ef al. [27] support the
idea that wings function as sensors of body dynamics.
Here, we add additional support to this idea by highlighting
the similarities in the encoding properties of wing and haltere
campaniform sensilla [16].

There is still more to understand at the circuit level about
how mechanosensory information is processed, integrated,
and transformed into behavioural outputs [40,41]. It may be
that similar research on a range of taxa can reveal common
encoding properties and possible functions of wing campani-
form sensilla, especially given the immense diversity in wing
morphology across all insect taxa [38]. Additionally, how cam-
paniform sensilla are distributed over the wing blade and how
that distribution varies taxenormically remains an open issue
[24,42]. Indeed, recent studies of optimal sensor placement in
a few taxa show that flapping dynamics are best detected
with concentrations of campaniforms at the base [43]. How-
ever, more complex dynamics, such as body rotations or
accelerations in various axes will drive even more complex
wing deformations. Those deformations, filtered through the
neural responses of a distribution of sensors, could be used
to dlassify or measure body rotations and accelerations about
multiple axes.

No vertebrate animals were used in this research. Moths were
cold anaesthetized prior to prepatation for neural recordings.
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Asymmetries in Wing Inertial and Aerodynamic
Torques Contribute to Steering in Flying Insects
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Abstract

Maneuvering in both natural and artificial miniature flying systems is assumed to be dominated by
aerodynamic phenomena. To explore this, we develop a flapping wing model integrating aero and inertial
dynamics. The model is applied to an elliptical wing similar to the forewing of the Hawkmoth Manduce
sexta and realistic kinematics are prescribed. We explore critically the stroke deviation phase, as it relates
to firing latency in airborne insect steering muscles which has been correlated to various aerial maneuvers.
We show that the average resultant force production acting on the body largely arises from wing pitch
and roll and is insensitive to the phase and amplitude of stroke deviation. Inclusion of stroke deviation
can generate significant averaged aerodynamic torques at steady-state and adjustment of its phase can
facilitate body attitude control. Moreover, wing angular momentum varies with stroke deviation phase,
implying a non-zero impulse during a time-dependent phase shift. Simulations show wing inertial and
aerodynamic impulses are of similar magnitude during short transients whereas aerodynamic impulses
dominate during longer transients. Additionally, inertial effects become less significant for smaller flying
insects. Body yaw rates arising from these impulses are consistent with biologically measured values.
Thus, we conclude (1) modest changes in stroke deviation can significantly affect steering and (2) both
aerodynamic and inertial torques are critical to maneuverability, the latter of which has not widely been
considered. Therefore, the addition of a control actuator modulating stroke deviation may decouple
lift/thrust production from steering mechanisms and provide inertial shaping benefits in flapping wing

micro aerial vehicles.

*Email address: mjankaus@uw.edu
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1 Introduction

Over the past decade, micro air vehicles (MAVs) have garnered significant interest in engineering and biol-
ogy communities. Boasting compact size and maneuverability, MAVs are ideal candidates for applications in
infrastructure monitoring and reconnaissance/surveillance missions. To meet the demands of these applica-
tions, there have been appreciable efforts made to reduce the length scale of these vehicles without sacrificing
performance. However, as MAVs are reduced to the scale of an insect, traditional fixed rotor designs become
infeasible because viscous stresses dominate lifi and thrust production and rotary motors become ineflicient
owing to substantial energy losses [1-8]. At such small scales, novel aerodynamic mechanisms associated
with flapping wing motions [4] provide mechanisms for lift that are unavailable to rotary systems. Thus,
researchers continue to focus their attention on flapping wing flight for small vehicle scales.

In the development of flapping wing micro air vehicles (FWMAVs), flying insects frequently serve as in-
spiration for engineered designs. The mechanics of wings, the mechanisms of actuation, energy storage, and
sensorimotor control have all provided guidance for a range of engineered systems. For instance, the Harvard
Robobee, boasting a total mass of 80 mg and wingspan of only 3 ¢cm, was designed using the Diptera (true
flies) as inspiration [5]. The robot is supplied power through tethers and is most reliably controlled using off
board visual tracking. Creating a robot at this scale is accompanied by significant engineering challenges,
largely due to reduced payload capacity. Both actuators and on-board sensors constitute a substantial per-
centage of the total vehicle weight and power consumption. Thus, there iz a necessity for actuator/sensor
optimization to reduce FWMAV mass and lower energetic flight requirements.

In an effort to improve the actuator/sensor packages found of FWMAVs, several researchers have sought
to characterize the remarkably complex locomotion of flapping wing insect flight. Insects are extraordinarily
adept fliers that have the ability to hover and perform aggressive aerial maneuvers [6]. In most insects, the
gross wing motion is generated by two sets of primary flight muscle sets in the thoracic cavity, termed dorsal
longitudinal muscles (DLMs) and dorso-ventral muscles (DVMs) [7]. These muscles deform the thorax and,
through a complex wing hinge system, indirectly actuate wings [8]. The DLMs drive wing down-strokes
whereas the DVMs drive wing elevation. There is recent evidence that some control authority resides in
these powerful flight muscles [9]. However, the dominant paradigm for control is thought to be relegated to
small steering muscles that modify the wing trajectory by changing the articulation of the wing hinge, with
the DLMs and DVMs providing the bulk of the power. This unique anatomical structure gives rise to an
appealing hypothesis — perhaps gross wing motion is controlled by the power flight muscles whereas steering
muscles fine-tune wing kinematics to induce aerial maneuvers. This deconvolution of power production and

control may inform the design of FWMAYV drive trains, where a set of power actuators can be used to govern
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primary wing motion and a smaller set of control actuators can be used to adjust vehicle attitude.

There exists a plethora of observational evidence in biology that strongly correlates steering muscle ac-
tivity to various changes in body orientation. For instance, bilateral actuation of the third axillary muscles
(3AXM) in moths has been found to adjust body pitch angle [10,11]. Asymmetric stimulation of the 3AXM
muscle in beetles in free flight was found to induce banked turns [12]. Balint and Dickinson [13] observed
steering muscle activity correlated to variations in the stroke deviation angle in blowflys. Similarly, variant
steering muscle firing patterns were found to modulate stroke deviation in hawkmoths [11]. By extension,
It seems steering muscles and consequently the stroke deviation angle have pronounced influence on body
attitude.

The literature aerodynamic models describe the complex unsteady flow past flapping wings [14-16].
These models have been used to describe various aerial maneuvers, claiming shifts in the wings pressure cen-
ter relative to the insect center of mass can be used to pitch the insect body forward, for example. However,
these models often neglect the stroke deviation angle [17,18], and the role of inertial moments on the insect
body orientation has not been explored in great detail. There exist at least some biological precedents which
suggest Inertial forces facilitate posture conirol in various organisms. For example, bats are believed adjust
their heading angle by creating imbalances in inertial forces between their wings [19]. Dyhr et al. concluded
abdominal flexion in the Hawkmoth Manduca sexta can effectively redirect lift forces [20]. Thus, there exists
at least some evidence that inertial forces can play an important role in airborne insect steering — the relative
role of inertial and aerodynamic forces that arise from changes in stroke deviation remains unexplored.

This paper examines the effect the stroke deviation angle has on net torque production during turning.
To do so, a simple model that integrates aecrodynamic and inertial dynamics of two rigid wings rotating about
a single fixed point is developed. The effect stroke deviation phase has on net force and moment production
is explored in depth. Temporal shifts in stroke deviation phase are looked at such that aerodynamic and
inertial impulses and insect body yaw rate can be compared for various timed phase transitions. Finally,
the results are compared to observational results in biology and some concluding remarks are made on how

these findings may benefit FWMAYV drive-train and control system design.

2 Methods

‘We establish an idealized relationship between two wings and the insect body, leveraging a wing-bound refer-
ence frame to prescribe kinematics to a rotating insect wing. Inertial moments are derived through the wing
angular momentum. A simplified blade element aerodynamic model is introduced to estimate aerodynamic

forces and moments. The integrated asrodynamic/inertial model iz linearized about the infinitesimal stroke
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Downstroke

Y

X

Figure 1: Inertial reference frames for left wing, right wing and insect body. Left wing inertial frame is
denoted X Y7 Zr, right wing inertial frame is denoted XY Z, and insect body inertial frame is denoted
XpYpZp. The right wing and insect inertial body frames are related by X = —Zp, Y =Yg, 7 = Xp.
Wings are shown offset from the insect body for clarity. Direction of upstroke and downstroke noted on
figure. Insect body and wings not drawn to scale.

deviation angle such that order analysis can be employed.

2.1 Reference Frames and Wing Kinematics

Two wings attach to an insect body body at a fixed point O (Fig. 1). This idealization estimates how wing
forces and moments are transmitted to the insect body. Given that O is a fixed point, this configuration
resembles hovering flight. Other flight regimes, such as forward flight, require © to move with the insect
body. The causes additional velocity/acceleration terms associated with body translation which affect the
net forces and torques (both aerodynamic and inertial) acting at body reference point O. Owing to the
increased complexity of forward flight, we focus on hovering flight in this work. For brevity, the equations
of motion are formulated only for the right wing. Symmetry arguments are employed to determine how the
moments and forces generated by the left wing affect the net moments and forces acting on the body at fixed
point. 0.

Then, a non-inertial wing-fixed xyz reference frame rotating about fixed point O is established (Fig. 2).
We employ Tait-Bryan angles rather than Euler angles, where the rotation convention is represented by
(X - yN - zf) and rotations occur about three explicitly distinct axes. The angular velocity & of the

wing-fixed reference frame is expressed as

G =éey + e, + 42, )
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where &, represents a unit vector in the n direction. We relate unit vectors in intermediate coordinate frames
.
to unit vectors in the wing-fixed zyz reference frame such that £ can be represented in terms of &, — &, —é€..

After relating unit vectors, the angular velocity becomes

= (dcosﬂcosv+[§sin’y)éz+ (ﬂ'cos*yf GcosBsiny)é, + (¥ + asinf) e, 2)
N—
Gy laty Wr

Determining quantities (angular momentum, aerodynamic moments, etc.) in the fully rotated coordinate
frame is relatively straightforward, whereas doing so in the inertial reference frame is challenging. However,
in order to understand the relative forces/moments acting on the insect body, it is more appropriate to
represent quantities in a fixed inertial frame. An arbitrary vector quantity A can be represented in the

inertial frame by the transformation

(A')XYZ = RT (A')zyz (3)

where the rotation matrix R is given by

Figure 2: Wing-fixed reference frame. The right wing inertial reference frame (XY 7) is rotated about the
positive X axis by an amplitude a, where o denotes wing roll. The subsequent reference frame (z//y”z”)
is rotated about the positive yﬂ axis by an amplitude 3, where 8 denotes wing pitch. A final rotation of
amplitude v occurs about the positive 2 axis in the 2’y 2 frame, where v represents the stroke deviation

angle. The terminal wing-fixed reference frame is denoted zyz
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R=R:R /R~ 4)
1 0 0 cogff 0 —sinp cogy siny 0

R, =10 cosa sina Ry/ = 0] 1 0 R.= | -siny cosy 0O 5)
0 —sina cosa sinf 0 cosf 0 0 1

For convenience, all quantities derived in the theory section will be done so in the wing-fixed zyz reference

frame. All quantities are converted to the XY Z inertial reference frame in the results section.

2.2 Inertial and Aerodynamic Moments and Impulses

Derivation of the angular momentum and moments for a rigid body rotating about a fixed point in three-
dimensions is well understood. Within the rotating reference frame, the angular momentum Hy for a single

wing ls expressed as

Hy =10 (€)

where I is the inertial tensor, which is constant with respect to the body-fixed coordinate system. Assuming

the wing to be a flat, planar structure with negligible thickness, the inertial tensor Iy can be expressed as

Ly Iy O
L=|-1, I, O (M)
0 0 L.

where I, I, and I.. are the moments of inertia about the z,% and z axes respectively and I, is the
product of inertia relative to the £ — ¥ plane. The inertial moments are then determined by differentiating

the angular momentum with respect to time, resulting in

Mo,inertial = ﬁ X Ioﬁ + Ioﬁ (8)

For conciseness, these moments will be referred to as the inertial moments throughout the remainder of the
paper to differentiate them from aerodynamic moments.

Next, we develop expressions for the aerodynamic moments acting on the wing. Owing to complex
unsteady flows [4], the aerodynamic forces and moments are somewhat more difficult to estimate than the

inertial moments derived above. While computational fluid dynamics (CFD) has been used with some success
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to quantify aerodynamic forces and moments, the method is computationally expensive and not conducive
to parametric studies [15]. Instead we rely on a simpler, albeit approximate, Blade Element Momentum
Theory (BEMT) that has been used with some success in earlier studies [21-23]. The method functions by
discretizing a wing into infinitesimal airfoils. Local aerodynamic forces and moments acting on each foil are
determined and then integrated to determine the net aerodynamic force and moment acting over the entire
wing. While BEMT assumptions typically ignore critical aerodynamic phenomena such as leading edge
vortices, spanwise flows and wing-wake Interactions, the method provides reasonable order-of-magnitude
estimates of aerodynamic forces and moments. Thus, while higher fidelity models (e.g. CFD) may reveal
fundamental aerodynamic mechanisms giving rise to observed flows and force coefficients, the literature does
not suggest that such approaches will significantly alter our conclusions. The advantage of the reduced-order
BEMT model lies in the ease which one can estimate forces and torques over a wide range of parameter
values; the disadvantage lies in the extend to which such models approximate real flow dynamics.

Several BEMT models are readily available, and as a result, the theoretical derivation presented here is
brief [17,24,25]. However, due to the assumed reference frame kinematics corresponding wing orientation,
individual aerodynamic terms used in this model deviate from those presented by other researchers [18].
For a more thorough treatment of each aerodynamic term considered, the reader is encouraged to refer to

Appendix A. In general, the formulation for BEMT states
dF = CqdS )

where dF is a differential force acting on the discrete airfoil, ' iz an non-dimensional empirically measured
aerodynamic coefficient, g is the dynamic pressure acting on the airfoil, and 45 is a differential reference
area. In general, aerodynamic coefficients are determined using dynamically-scaled robotic flappers. For
example, Dickinson et al. calculated lift and drag coefficients by rotating a scaled wing in mineral oil,
varying the effecting angle of attack between subsequent experiments [26]. This methodology has been used
with success to determine other empirical coeflicients, such as the coefficient of rotational damping. We draw
upon avallable empirical coeflicients for our own model. Then, dynamic pressure is defined by
1 =2 =

9= a0V V (10)

where py is the fluid density and V is the instantaneous fluid velocity vector varying along a reference line.

The differential reference area dS is defined by
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dS = e(r)dr (11)

where ¢(r) is the chord-width along the wing referenced from reference axis r (Fig. 4). Reference axis » is
used to estimate the instantaneous fluid velocity at each discrete airfoil, and because r is coincident with v,
all fluid velocity components are acting in-plane to each airfoil. Then, the position of each point on the wing
along a reference line 7 can be described by 7 = ré,. Differentiating the position yields the velocity of each

point along the reference line as

V=r(llx&)=—rw,é +\Tidf/@z (12)
Uy v,

Differentiating the velocity with respect to time yields the acceleration of each point along the reference line

a=rlx @@ x &)+ 0 x 8] = rlwmwy, — )&y — r(w? +w?) &y + rlwyws + @) é. (13)
N — . — N— N — —
Qg Gy £33

As most aerodynamic forces are dependent only on velocity, the acceleration described above is only necessary
when considering added mass. The angle of attack, denoted by AoA, is defined as the angle between the
instantaneous fluid velocity and the positive z axis (Fig. 3). The instantaneous fluid velocity, induced solely
by the motion of the wing in hover, is a vector equal in magnitude and opposite in direction to the referenced
wing velocity V. The angle of attack is important, as most empirically measured coefficients such as lift and

drag coefficients vary significantly with the angle of attack. Mathematically, it takes the form

AoA = tan~t <&> = tan~? <ﬂ> = tan~! (*wi> (14)
Vg W, Wy

When solving for AoA computationally in Matlab, the atan2 function is used in lieu of the atan function.

Then, the total aerodynamic moments acting at fixed point O are given by

R
My gero = / [P (dFse+dEFN . +dFaps )+ dMpary +dMpp , +dMapg ) dr (15)
0

where ﬁA,z is the axial aerodynamic force, dF'Nyz is the normal aerodynamic force, ﬁAM is the added mass
force, MPM,y is the aerodynamic pitching moment, MRD,y Is the pitching rotational damping, and MAM,y
is the added mass pitching moment (Fig. 3). Each aerodynamic force/moment term is derived using Eq. 9
as a basis; details of each term are found in Appendix A.

Lastly, angular momentum and net moments are related by the angular impulse f, defined by J =
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I ;12 Mg dt. The angular impulse serves as a convenient quantity when comparing aerodynamic and inertial
moments over a period of time. The angular momentum and moments are related via the impulse-momentum

equation

to
/ Mo sora dt — Ay (16)
b1

where My ¢otat is the difference of aerodynamic and inertial moments, My sotat = Mo aero — Mo, inertial - The

angular impulse will be abbreviated to impulse throughout this paper.

2.3 Linearization

In general, the stroke deviation amplitude is much smaller than the amplitude of pitch and roll rotations
in flying insects [27]. As a result, it is possible to linearize all terms described above about an operating
point (y,%,%) = (0,0,0), effectively reducing the stroke deviation to an infinitesimal rotation. Linearization
allows us to carry out order analysis of each term, assuming finite rotations pitch and roll are of O(0) and
the infinitesimal stroke deviation is of O(1). We hypothesize the zeroeth order terms arise from primary
flight muscles whereas first order terms are a result of the finer steering muscles modulating stroke deviation.
This hypothesis is appealing, as steering muscles constitute only a fraction of the total muscle mass, which

implies they are capable of producing lesser resultant moments than the larger power muscles [27].

V‘<—— Up - —-4
]
|
I

. dMpayr + dMRrp + dMans

" Aod \
I
e L dF,

dFL dFD

dFN + dFapr

Figure 3: Differential aerodynamic forces and moments from Eq. 35 acting on discrete airfoil. V shows the
instantaneous velocity of the discrete airfoil referenced from r, and v, v, are the z and y components of

instantaneous velocity. Differential drag dFp acts collinear to V and differential lift dFy, acts perpendicular
to V.
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The linearization of each term can be conducted by using a Taylor series expansion centered at the
operating point (v,%,%) = (0,0,0). As the expansion of each term can be somewhat arduous, the linearized
form of each term is not presented in this paper — a complete version of linearization methods is found in
Appendix B. Instead, the linearized lift will serve as an example for the linearization of the other terms. The

lift linearized about the operation point is equal to

1 R
Fr ~ 7pf/ r2e(r)dr
AR

2
v v aCy, v v .
2 T z z _ T (z)
dlarey (200 (s s + o0y ) + i |t — o) ) +0@ (7)
()
O(l) 7 y=0

where v = v and & = 4. Note that lift is not a function of 5, and therefore need not be linearized about.
% = 0. The inertial moments and added mass terms, on the other hand, will require further linearization
about ¥ = 0. It should also be stressed that the rotation matrix R will have to be linearized as well when

representing quantities in the inertial frame.

3 Results

Idealized wing geometry and simulation parameters are introduced. We then explore the effect stroke devi-
ation angle has on net force and moment production. Averaged wing angular momentum is calculated as a
function of stroke deviation phase. A timed shift in deviation phase is presented and aerodynamic impulses
are compared with inertial impulses during this transient period.

It is emphasized that all simulation resulis presented are for a single representative insect wing with a
relatively rigid set of kinematics. Therefore, while the results presented provide insight into the functional
role of the stroke deviation, they should be extended to other insects/FWMAVs with caution. It is necessary
to consider varying wing geometries and kinematics coupled with experimental validation to consider these

results universal.

3.1 Simulation Parameters

We model an idealized wing as an planar semi-ellipse identical to the geometry presented by Berman and

Wang [23]. Wing thickness is neglected, as thickness is generally much less than the wing span or chord

10
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width. We select an appropriate surface area density pe such that total wing mass agrees with reported

measured values. Then, wing chord width ¢(r) can be expressed via an analytic function

e(r) = 4;6\ 1- %22 (18)

11 where ¢ is the mean chord width defined by & = J;, b is the semi-minor axis of the ellipse and R is the total

W O~NO O A~WN

13 length of the wing (the semi-major axis of the ellipse). All wing dimensions and simulation parameters are
summarized in Table 1. The wing geometry is identical to that presented by Berman et al. [23] and are similar
16 to those found by Hedrick et al [22] for the Hawkmoth Manduce sexta. The wing is discretized into 1000
18 evenly spaced blade elements. Aerodynamic coefficient and rotation profiles are specified. Aerodynamic
20 coefficients are taken from Whitney et al. [18]. Rotations are assumed harmonic functions of the form
n = ngsin(wt + ¢y), where n is a place holder for o, 3,7, the flap frequency of the wing is «w and ¢,
23 represents a phase shift. Values for the rotation parameters are approximated from values published by
25 Wilmott and Ellington [27].

All numerical results shown are solved via Matlab. Force, moment and momentum terms are solved over
28 a single wing beat period 7" using 1000 evenly spaced time steps unless otherwise specified. All integration
30 (both spatial and temporal) is conducted numerically using trapezoidal integration. Spatial integration is

30 conducted outside any timing loop to reserve computational power to facilitate large parameter sweeps.

35 Wing root at O

y,r

Wing tip

NN
[N
e
I
\
1
1

Figure 4: Schematic of wing with dimension definitions. Upper edge of the wing is leading edge x. (r), lower
edge of the wing is trailing edge x4 (r). Wing root is at fixed point of rotation O. Variable z; represents
a shift of the major axis of the semi-ellipse along the x direction. For the simulation, z; = b such that the
leading edge is coincident with the wing root when r = 0. Under this configuration, the wing is recessed
behind the pitching ¥ axis of rotation.

11
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Table 1: Summary of Simulation Parameters

Variable | Description Value Unit
R Wing Span 51.9 mm

b Maximum Chord Width 11.62 mm

ER Shift along x axis 11.62 mm

z Mean Chord Width 18.26 mm

A Surface Area 947.7 mm?
M ‘Wing Mass 47 mg

m Insect Body Mass 1.648 g

Py Fluid Density 1.29 kg/m3
CL maz Max Lift Coefficient 1.8 -
Cp,mas Max Drag Coefficient 3.4 -

Cppo Min Drag Coeflicient 0.4 -

Crd Rotational Damping Coeflicient | 5 -

g Roll Amplitude 60 degrees
Bo Pitch Amplitude 45 degrees
Yo Stroke Deviation Amplitude 10 degrees
P Roll Phase 0 rad

ds Pitch Phase /2 rad

Py Stroke Deviation Phase Variable | rad

7 Flap Frequency 25 Hz

Tow MOI about z 31.65 g-mm?
Ty MOT about ¥y 7.88 g-mm?
I.. MOIT about = 39.46 g-mm?
Toy x — y Product of Inertia 11.98 g-mm?

3.2 Aerodynamic Forces

We first investigate the aerodynamic forces generated by the flapping wing. Note the relationship between the
right wing inertial frame XY Z and the insect body frame XpYpZp (Fig. 1). Hovering implies the upward

average net vertical force is equal in magnitude to the downward average net vertical force from aerodynamic,

Fyp versus wingbeat fraction Fy 5 versus wingbeat fraction Fz g versus wingbeat fraction
—o— O(0)
20 -a- O(1)
e Total
=
N
&
=9
—20
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
7 T T

Figure 5: Body forces from single wing versus wingbeat fraction. Zeroeth order, first order and total
aerodynamic forces when ¢., = 7 /2.
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1

2

8 inertial and gravity forces. Initially, the stroke deviation v is set to zero, and the phase of pitch ¢z is varied

" v ¢

5 from 0 to 27. In the absence of stroke deviation, only terms of O(0) are present. The vertical force from the

6

7 single wing is averaged over a single wing beat period to determine the mean vertical force and doubled to

8 account for the left wing which is assumed to flap symmetrically. Inertial reaction forces are not considered,

10 as they tend to average to zero over the entire parameter space. Given the fixed rotation amplitudes (Tab. 1),

11

12 maximum mean vertical force was achieved at a pitch phase in the neighborhood of ¢5 = /2 — mean vertical

13

14 force was 25% greater in magnitude than the total insect weight. This phase relationship between pitch and

12 roll is consistent with that presented by Berman and Wang [23] and is maintained for the remainder of the

17 paper.

18

19 Next, stroke deviation is included at amplitude v = 10° and ¢, is varied from 0 to 27 to determine

S? its effect on aerodynamic force production. Figure 5 shows the total aerodynamic forces over a wingbeat

22 eriod when ¢., = /2. From the figure, it is apparent the average vertical force stems almost entirely from
p ~ gure, PP 3 ¥

23

24 zeroeth order terms, while first order terms associated with stroke deviation average to nearly zero. Across

25

o5 the entire range ¢, forces associated with stroke deviation were found to constitute maximally 0.2% of total

gg averaged vertical force. Additionally, stroke deviation did not significantly affect lateral averaged forces in

29 the body Xp or Yz directions.

30

31 This result provides compelling insight into the role of power muscles and steering muscles in flying

gg insects. We hypothesize power muscles dominate aerodynamic force production, which implies steering

34 muscles associated with stroke deviation must serve some other functional role. To expound the role of the

35

36 stroke deviation further, we next address aerodynamic and inertial moments.

37

38

39 3.3 Averaged Moments

40

i; In order for a moment to reorient the insect body over the course of several wingbeats, the average value of

43 the moment over that time span must be nonzero. In this section we identify how inertial and aerodynamic

44

45 moments are affected by the stroke deviation angle.

j:g First, we address symmetry between the left and right wings. Pitch and roll are assumed identical

:g for both wings. Therefore, only the stroke deviation angle is capable of introducing left-right asymmetry.

50 Consequently, the magnitude of the zeroeth order moments about all axes are identical between left and

g; right wings. Moments due to zeroeth order terms about X7, X and Zr,Z are equal and opposite, whereas

gi moments about Y7,V are additive. Leveraging these symmetry arguments, we can investigate the total

55 moments acting at fixed point O.

56

57 Stroke deviation amplitude is fixed to 3 = 10° and ¢, is varied between 0 and 27. Aerodynamic

58

59

60
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Figure 6: First order non-dimensional averaged aerodynamic moments as a function of ¢, when vy = 10°.
Averaged aerodynamic moments vary linearly with strove deviation amplitude, implying curves double in
magnitude when 7y is doubled.

and inertial moments are calculated over a single wing beat period and subsequently averaged. Averaged
values will be indicated by an overbar. All reported moment values are further non-dimensionalized, first
by allowing 7 = wt and then by dividing by lead coeflicient ,,. Non-dimensionalized values will be denoted
by a tilde overscore. Presented moments are with respect to the XY Z right wing inertial frame rather than
the body inertial frame.

The simulation shows that inertial moments, both zeroeth and first order, average t.o zero over a wing beat
period. This implies that at steady-state, wing inertial moments do little to reorient the body. Zeroeth order
aerodynamic moments about the X and Y axis average to zero. The zeroeth order aerodynamic moment
about the Z axis is canceled due to symmetry. Conversely, first order average aerodynamic moments about
X and Y vary significantly with ¢. (Fig. 6), while first order acrodynamic moments about Z average to
zero over the entire range of ¢.,. The averaged pitching moment ﬁy in Fig. 6 stems almost entirely from
the aerodynamic normal force projected into the inertial wing frame. This projection averages to zero in ¥
and Z directions, and averages to a non-zero value in the —X = Zp direction to keep the insect in hover.
Consequently, ﬁy is contingent on the average wing position in the Z direction (ré, x Fé, = Mé,). When
¢ = 7/2, the wing favors the upstroke (+Z direction), causing the body to pitch down. Conversely, if
¢ = 3m/2, the wing favors the downstroke (—Z direction), causing the body to pitch up. This trend hag
been shown experimentally in the fruit flies by Whitehead et al. [28]. Adjustment of the aerodynamic center
of pressure cch only modestly affects the results in Fig. 6. A figure investigating the effect of variant cch on
averaged aecrodynamic moments is available in supplemental material.

Thus, the averaged first order moments show that stroke deviation angle can have a marked effect on

steering the insect body, a claim that is well supported by hiological evidence. For instance, researchers

14
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1
2

i have correlated bilateral actuation of the 3AXM muscle (which modulates stroke deviation) to longitudinal
5 pitch control in Hawkmoths [10,11]. Changes in the body pitch were associated with the firing latency of
6

7 the BAXM muscle. While the the muscle firing latency is not fully indicative of stroke deviation phase, there
8 likely exists a correlation between the two. Furthermore, unilateral actuation of the 3AXM muscle causes
:11? banked turns in flying beetles [12], and during steady-state rolling maneuvers the blowfly exhibits large phase
12 differences between the strain in some of the left-right steering muscles [29].

13

14 Specific to our results, bilateral shifts in stroke deviation phase alter the net mean pitch moment while
12 leaving the net mean roll moment unaffected due to left-right symmetry. The presence of a mean pitching
17 moment implies the center of gravity of the insect must be recessed from the wing axis of rotation — if the
18

19 center of gravity is coincident with the ¥ wing axis of rotation, a mean pitch moment would cause the insect
S? to topple end over end. Measurements by Cheng et al. [30] indicate the center of gravity of the Hawkmoth is
22 recessed from the wing axis of rotation by approximately 25% of the total wingspan. It is plausible the mean
23

24 body pitch angle is prescribed by the equilibrium of the pitching moment due to gravity and the aerodynamic
25

o5 pitching moment caused by the stroke deviation angle. This proves a simple mechanism for controlling body
gg pitch angle via changes in the magnitude and phase of the stroke deviation.

29 Moreover, the results indicate unilateral phase shifts of the stroke deviation angle can induce banked turns.
30

31 Should ¢. of the right wing change independently from that of the left wing or visa versa, the result will be
gg a net aerodynamic moment about both wing pitch and roll axes. It is possible to achieve a significant roll
34 moment without a pitching moment, these two axes can be controlled independently. This can be achieved
35

36 by increasing ¢- of the right wing while subsequently decreasing ¢., of the left wing. The magnitude of the
37 . . o . L .

g induced moment will then rely on the initial operating phase of the siroke deviation angle. Depending on
ig the magnitude and symmetry of the left-right stroke deviation phase shift, the mean pitching moment may
41 also be maintained during roll maneuvers such that the equilibrium body pitch angle is unaffected.

42

43

44 3.4 Transient Effects

45

j:g According to our simulation, phase changes in the stroke deviation angle have a substantial impact on the
48 steady-state aesrodynamic moments acting on the body. However, there must exist a transient period in which
49

50 the stroke deviation phase transitions from an initial phase to some final phase. While inertial moments
g; average to zero at steady-state, it is possible they have a larger influence during this transient period. To
gi investigate this, averaged angular momentum of the right wing is calculated as ¢., is varied from 0 to 27
55 for a fixed amplitude v = 10° (Fig. 7). Clearly, averaged wing angular momentum is sensitive to ¢-. This
56

57 signifies that during a phase shift from an initial phase ¢g to a final phase ¢, an impulse must have acted
58

59

60
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Figure 7: Non-dimensional averaged angular momentum as a function of ¢.,

to cause the change of angular momentum. These results motivate a comparison between aerodynamic and
inertial impulses during a phase-shifting transient period.

To compare aerodynamic/inertial impulses, a transient function ¢.(t) is defined with the conditions
¢4 (0) = ¢g and ¢(NT) = ¢4, where N is the number of wing beats during the transient period. As a
result, the stroke deviation angle takes the form v = 4 sin[wt + ¢ (¢)]. There are infinitely many transient
functions that satisfy initial/final phase conditions, and each unique function may alter the resulting impulses.
As an example, linear and fifth-order polynomials are introduced as candidates for ¢.,(t). The fifth-order
transient function has the added benefit of being continuous at the ¢ = 0 and ¢ = NT in both ¥ and 4,
whereas the linear transient function causes discontinuous leaps in stroke deviation velocity and acceleration.
Both transient functions and their influence on 7,4, are shown in Fig. 8 over a single wingbeat.

Due to the continuity in derivatives of +, the fifth-order polynomial is used moving forward. An initial
phase angle #y = 0 is assumed, and the final phase angle ¢ is varied between 0 and 27 in 100 evenly spaced
spaced Increments. Cases where N = 1 and N = 5 wingbeats are considered to illustrate how transient
duration affects the magnitude of impulses. Impulses are calculated by numerically integrating the moments
with respect to time. For the case where N = 5, 5000 evenly time steps are used. Zero order impulses are not
considered — it is determined that they either integrate to zero or are canceled by wing symmetry. Presented
results are again normalized with respect to time and by lead coefficient I,,. The results are shown in Fig. 9.
We emphasize the curves represented here will vary with the starting phase ¢g.

Simulations suggest an important result — inertial torques may play a critical role in steering. This de-
viates from the notion that aerodynamic moments dominate body attitude changes in insects. Fig. 9 shows
that for short transient periods, the magnitude of inertial impulses is comparable to that of aerodynamic

impulses. In some cases, the two impulses act antagonistically thereby decreasing the net impulse acting

16
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on the insect body. Consider the phase shift from ¢, = 0 to ¢, = /2 over a single wingbeat. Jy,gero and
JY inertial 8ct in opposite directions and have a reducing effect on the total impulse. As a result, the body
will have a tendency to pitch about the negative ¥ axis, which is coincident with Yz. This might prove
to be a novel mechanism to slow the insect body to a halt after an abrupt rotation. It is possible that an
insect beginning from rest (zero angular momentum) gains angular momentum during the transient period
and then returns to a resting state once the the net impulse has integrated to zero. During other transient
phase shifts, aerodynamic and inertial impulses tend to act synergistic.

Moreover, the simulation shows transient timing influences the relative contribution of aerodynamic and
inertial torques. The magnitude of aerodynamic impulses increases significantly as transient becomes longer
whereas inertial impulses are unaffected; if N is increased beyond 5, aerodynamic impulses completely over-
whelm inertial impulses along the X and Y axes. This is likely due to the presence of averaged steady-state
aerodynamic moments at different. values of ¢, (Fig. 6). This suggests why aerodynamic impulses about Z
are insensitive to the transient length — the steady-state aerodynamic moment about Z averages to zero for

all stroke deviation phase angles.
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Figure 8: Example transient functions ¢.(t) and their influence on stroke deviation
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3.5 Scaling Effects

For the Hawkmoth Manduca sexta, inertial impulses were found comparable in magnitude to aerodynamic

Impulses during a transient stroke deviation phase shifts.

Nonetheless, it 1s possible the contribution of

aerodynamic and inertial impulses varies with the scale of the insect. To assess the scaling effect on aero-

dynamic/inertial impulses, wings of three different insects are considered — the Hawkmoth, bumblebee and

fruitfly. Wing properties are acquired from Berman and Wang [23] and are shown in Table 2. Note the

moments of inertia vary slightly from the published values in [23] due to the wing offset z,.

While aerodynamic coefficients and rotation amplitudes vary modestly for each insect considered, it is

convenient to assume uniformity for a more consistent comparison of aerodynamic and inertial impulses.
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Figure 9: Aerodynamic, inertial and total impulses during transient phase shift from ¢¢ = 0 to variable ¢

over one and five wingbeats.
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Table 2: Wing parameters for Hawkmoth, bumblebee and fruitfly

Parameter | Hawkmoth | Bumblebee | Fruitfly Unit
R 51.9 13.2 2.02 mm

c 18.26 4.02 0.67 mm

b 11.62 2.54 0.4265 mm
My 47 0.46 8.6 x107% | mg

f 25 116 254 Hz

Ioa 31.65 0.0201 8.60 x1077 | gmm?
Iy 7.88 0.0022 1.82 x1077 | gmm?
L. 39.64 0.0222 1.04 x1077 | gmm?
Iz 11.98 0.0048 2.99 x1077 | gmm?

Therefore, the rotation amplitudes and aerodynamic coeflicients shown in Tab. 1 are used for all three
insects. The initial stroke deviation phase is fixed to ¢g = 0 and the final stroke deviation phase ¢; is
varied from 0 to 27 in 100 evenly spaced intervals. Owing to the increased flap frequency seen in the
bumblebee and fruitfly, 5000 evenly spaced time steps are used for these cases — 1000 evenly spaced time
steps are maintained for the Hawkmoth. The aerodynamic and inertial impulses are calculated for each phase
transition, where the phase transition occurs over a single wing beat (N = 1). Then, the maximum of the
absolute value of the each impulse is calculated, and mar‘inETtiag‘/maz‘LETu‘ is determined as a function
of wing length R. As the maximum values for aerodynamic/inertial impulses likely do not correspond to the
same ¢ ¢, the RMS values of aerodynamic/inertial impulses over the entire range of ¢, are calculated as well.
Tms(ﬁmmial)/Tms(faem) is also plotted as a function of wing length R. The results are shown in Fig. 10.
This simulation shows that under the given assumptions, inertial effects are less pronounced for smaller
flying insects. While not enough data points are considered to identify a clear mathematical trend, it
appears the relative contribution of inertial impulses scales non-linearly. In general, inertial moments scale
volumetrically, whereas aerodynamic moments scale roughly with the surface area of the wing. However,
the uncertainty in scaling stems from uncertainty in the scaling of wing mass and wingheat frequency. For
example, the mass per unit area varies significantly between insects [31], limiting a rigorous scaling analysis.
Inertial impulses about Z shows the largest variation for the various insects whereas the variation of inertial
impulses about Y is much less. In any case, inertial impulses constitute a large percentage of the total

impulse.

3.6 Body Yaw Angular Velocity

Airborne insects achieve considerable angular velocity during aerial maneuvers. For example, the Hawkmoth

Manduca Seata has been measured at angular rates as large as 800°/s about the body yaw axis [32]. Con-
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sequently, it is prudent to assess the achievable angular velocity about at least one axis of the insect body
using the model developed in this research.

Body rotations will cause an additional component of velocity to the wing, an effect that is not accounted
for in this model. However, the maximum angular velocity of the wing (approximately 9500° /s about the roll
axis) is significantly larger than the achievable angular velocity of the body. Therefore, body dynamics will
only slightly affect net wing angular velocity and consequently, the net moment production. Thus, we choose
to represent an idealized situation in which the body is permitted to rotate independently of the wings. We
assume the only moments causing body rotation are the inertial and aerodynamic moments generated by
the flapping wings. For this reason, angular velocity about Yp is not considered. Body pitch angular veloc-
ity relies not only on gravity, but also on unmodeled abdominal flexion [33] which may affect net pitching
moments. Furthermore, no reliable data was found regarding angular velocity or inertial properties about
the body roll axis Xp for the Hawkmoth Manduca Sexta. Consequently, only angular velocity about the
body yaw axis (%p) is considered.

To determine the body yaw angular velocity, we assume the insect body is coincident with the Xp axis.
The body is then pinned such that it can rotate only about the Zp axis. An initial stroke deviation phase
¢o is selected and a timed phase shift to ¢y is introduced. The initial stroke deviation phase is set to ¢o = 7
for two reasons. First, it represents a zero-crossing of the averaged aerodynamic moments about about X
(Fig. 6), which is coincident with yaw body axis Zp (Fig. 1). Operating at this zero-crossing is beneficial,
as a phase advance/delay will correspond to a steady-state positive/negative averaged aerodynamic moment
ﬁXA Second, ¢y = 7 corresponds to a negative steady-state aerodynamic moment about Y (Fig. 6), repre-

senting the case where the averaged aerodynamic moment causes the insect body to be inclined and recessed

maz| T rtial] (i ertial)
T Ve R s SR
2
A A ——X
""""""" / - Y
15 T L5 i
'% 1 / 5’ % 1
g HE
0.5 0.5
R (mm) R (mm)

Figure 10: Comparison of aerodynamic and inertial impulses for insect wings of varying length scales.
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from the wing leading edge.
With the initial stroke deviation phase ¢ fixed, the final stroke deviation phase ¢ is varied from 0 to

27 in 100 evenly spaced increments. Transient durations of one and five winghbeats are considered. The

W O~NO O A~WN

impulse from the total moment during each phase transition is calculated, and the resulting body angular
velocity wz p immediately following the transient is determined using the impulse-momentum relationship
12 in Eq. 16. The insect body starts from rest (no angular momentum) and the insect moment of inertia about
14 the yaw body axis Izz g is taken from Hedrick et al. [32] for a value of Izz p = 2.43 x 10-7 kg-m?. The
achievable body yaw angular velocities from a single wing are shown in Fig. 11. Contributions of inertial
17 and aerodynamic impulses to wz p are shown separately.

19 According to the simulation results shown in Fig. 11, the insect can achieve the measured angular body
yaw rate of 800°/s simply by adjusting the stroke deviation phase — a nontrivial amount of this angular
22 velocity is generated by inertial torques. In the case where N = 1, this can be accomplished by advancing
24 ¢~ of the right wing from « to approximately 5 /4 while simultaneously reducing ¢, of the left wing from
o5 7 to 37/4. For the case where N = 5, a much smaller deviation from ¢y can cause the same effect. Larger
deviations induce body yaw angular velocities likely not realistic in insect flight. Similar to the inertial
29 moments and impulses shown in Fig. 9, the contribution of aerodynamic moments to wz g increases with

31 the duration of the phage shift whereas the contribution of inertial moments is unaltered.

4 Discussion

37 Our simulation results shows that (1) modest changes in stroke deviation induce aerial maneuvers, and (2)

39 inertial torques may play a much more profound role in steering and insect flight control than previously

wgpvs. b, N=1 wzpvs ¢, N=5

43 500 8 —e—Inertial

N -~ Aero
1,000 / S [-ae Total

wz.p (degrees/s)

10000 ™ 4
—500 *v * “a

a3 ~2.000
0 w/2 ” 3n/2  2m 0 /2 B 3n/2  2m

55 b by

57 Figure 11: Aerodynamic and inertial contributions from single wing to wz p and total wz p immediately
58 after transient phase shift from ¢y = 7 to variable ¢ over one and five wingbeats.
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thought. Both of these key findings have important implications for our understanding of control and
dynamics in insect flight and for FWMAVs.

First, FWMAV aerodynamic force production may be decoupled from control. Similar to biological
mechanisms, lift/thrust production can be generated through a set of power actuators whereas steering
can be relegated to smaller control actuators modulating stroke deviation. Finio et al. [34] suggested such
stroke deviation actuators could be implemented on the Harvard Robobee. This design scheme allows power
actuators to operate at an optimal frequency and magnitude and not deviate from this set-point to adjust
vehicle attitude. This benefii is especially pronounced in the case of PZT actuators, where deviations
in driving frequency or magnitude degrade actuator efficiency. Moreover, deviations in power actuator
amplitude may adversely affect lift /thrust production — separate control actuators may mitigate this problem.
More specifically, active control over the stroke deviation angle allows FWMAVs to conscientiously adjust
body pitch angle, a capability many designs do not possess. This is appealing to FWMAVs equipped with
optical systems, as it allows vertical inspection objects without changing altitude. Additionally, stroke
deviation actuation offers control authority over the wing roll axis, allowing vehicles to adjust course easily.

Perhaps more intriguingly, authority over the stroke deviation angle may facilitate inertial trajectory
shaping. Our results show that abrupt changes in stroke deviation phase gives rise to inertial torques on
the same order of magnitude as aerodynamic torques. While inertial attitude control has been implemented
on larger vehicles [19], such mechanizsms have yet to be realized on insect-scale aerial robotics. Such control
may dramatically improve dexterity and agility of FWMAVs, with wing angular momentum serving as a
quintessential design quantity. Significant efforts must be made to assess the feasibility of inertial control
on these micro systems. Stroke deviation actuators may require excessive power to generate the quick phase
changes necessary to generate large inertial imbalances. Large inertial torques may cause detrimental stresses
on the vehicle airframe.

Nonetheless, while our simulations show promising results, there remains a necessity for model validation.
In-vivo experiments are unrealistic due to the requirement of vacuum conditions and highly controlled degrees
of freedom. However, there are other mechanisms available for cross-validation. First, we may employ a
full-scale fluid-structure coupled simulation. Medium density should be varied systematically and resulting
aerodynamic moments monitored to compare the relative magnitudes of inertial and aerodynamic forces.
Unfortunately, computational simulation themselves require experimental validation, rendering this approach
undesirable. Alternatively, a three degree-of-freedom robotic flapper capable of replicating the complex wing
kinematics may developed. Experiments can be conducted in and out of vacuum or in reduced medium
density conditions (e.g. helium) so that inertial and and aerodynamic forces can be decoupled. This approach

is accompanied by significant design challenges and requires extensive resources. Existing dynamically-scaled
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1

2

i robotic flappers generally operate in mineral oil. Non-dimensional analysis generally produces suitable

5 estimates of fluid forces, but unrealistically high wing densities are required to properly scale inertial forces.

6

7 As a result, any experiment comparing inertial and aerodynamic mechanisms is best conducted in air or

9 another suitable medium where realistic inertial characteristics can be realized. This is no trivial task —

10 development of a high-frequency 3-axis rotation stage with precision kinematics is a substantial challenge.

11

12 Thus, we believe the work presented provides an excellent avenue for future research, with the theoretic

13

14 predictions presented in this paper motivating rigorous experimental work.

15

16

1; 5 Conclusion

18

20 Insects exhibit a strong correlation between aerial maneuvers and stroke deviation actuation. To investigate

21

20 the mechanisms underlying this correlation, we developed an integrated aerodynamic/inertial model of flap-

gi ping wings to predict forces, torques and impulses that arise from stroke deviations. The model is linearized

25 by the small stroke deviation angle such that zeroeth order terms are contingent only on wing pitch and roll

26

27 whereas first order terms rely on all three rotations. The stroke deviation amplitude is fixed, and the phase

28 . . . . .

59 is varied to represent changes in insect steering muscle firing latency.

g? The results elucidate the functional role of the stroke deviation angle, which is strongly correlated to

32 steering muscle activity. The stroke deviation angle has an insignificant effect on aerodynamic force produc-
g Y. gl £n ! P

33

34 tion — rather, lift and thrust largely relied on symmetric wing pitch and roll. Variance of the stroke deviation

22 phase has a large effect on the steady-state averaged aerodynamic moments acting at the fixed point, which

37 are necessary Lo reorient the insect body. These results corroborate observations in which steering muscle

38

39 activity was correlated to various aerial maneuvers [11].

40 . . L L

41 The angular momentum of the wing was also found to vary with the stroke deviation phase, motivating

42 a closer look into the transient period during which the stroke deviation varies phase. During the transient

43

44 period, both inertial and aerodynamic impulses play significant roles, with the latter in growing in magni-

45

46 tude as the duration of the transient period increases. Such a result suggests that, in contrast to prevailing

ig views that only aerodynamic forces are implicated in flight control, inertial moments generated by steering

49 muscles facilitate changes in body orientation, particularly if phase shifts occur on sub wing beat timescales.

50

51 Simulations show inertial effects become less pronounced for smaller flying insects. Additionally, achievable

52 e . . .

53 body yaw rates fell within anatomical limits for most temporal phase shifts.

54 Finally, insights into how the stroke deviation angle can benefit FWMAV drive-train and control sys-

55

56 tem design were given. The addition of an actuator modulating stroke deviation is purported to decouple

57

58 lift /thrust production from and steering mechanisms. The benefit of such a deconvolution is the ability to

59

60
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maintain power actuators at an optimal set point. Thus, power actuators can be utilized to generate gross
wing trajectory, whereag smaller control actuators can be used to finely modify wing kinematics thereby

inducing aerial maneuvers. These aerial maneuvers can further be refined by leveraging inertial mechanisms

W O~NO O A~WN

arising from quick shifts in stroke deviation phase.
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